The seasonal change of the precipitates from the acid coal mine drainages is remarkable in the Taebaek coal field in the middle eastern part of the Korean peninsula. The mineral precipitates in the creeks show various colors such as brownish yellow, white, and reddish brown, depending on the chemical conditions of stream waters. The brownish yellow precipitate consist maily of schwertmannite, the white one of poorly crystalline Al-sulfate, and the reddish brown one of ferrihydrite. Neutralization of acid mine drainage took place by mixing with unpolluted waters and/or buffering by dissolution of carbonate or aluminosilicates. The main factors leading to the seasonal change of precipitates are precipitation of hydroxide mineral, water mixing from adjacent unpolluted branch streams, and water-rock interaction. tion of AMD and its impact on the stream waters may depend on the pyrite content and its oxidation rate.
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tion of AMD and its impact on the stream waters may depend on the pyrite content and its oxidation rate.
The dissolved species may precipitate in the stream bottom under control of the chemical conditions of the streams. Potential chemical reactions in AMD include sulfide mineral oxidation and dissolution, non-sulfide mineral dissolution and precipitation, coprecipitation, acid neutralization, and ion exchange (Yu, 1996a) . The geochemical and mineralogical problems met in the coal mine drainage have been studied by many workers in Korea (Chon et al., 1999; Heo, 1998; Kim and Chon, 2001; Yu, 1996b Yu, , 1998 Yu and Heo, 2001) .
The goals of this study are to examine the seasonal changes of precipitates in the acid drainages and to find the causes of the geochemical variations of stream waters leading to the changes of bottom precipitates. An attempt was also made to correlate the seasonal variations of water chemistry with the distances from the pollution sources.
INTRODUCTION
Many coal mines in the Taebaek coal field in the middle eastern part of the Korean peninsula have been closed due to economic problems since the late 1980's. Thereafter, a significant amount of acid mine drainage (AMD) was discharged from the mine adits and dumps, acidifying the upper stream of the Nakdong River (500 km long).
AMD associated with mine activity or abandoned mines gives environmental problems because of high acidity and metal concentrations (Chapman et al., 1983; Herr and Gray 1996) . AMD with high concentrations of SO 4 2-, Fe 2+ , Al 3+ and Mn 2+ shows pH values as low as 2 (Chon et al., 1999; Nordstrom et al., 2000) . In most cases, abandoned waste dumps can expose sulfur-bearing minerals to oxygen and water, whose consequent oxidation and hydrolysis reactions produce sulfuric acid (Winland et al., 1991; Foos, 1997) . The oxidation rate of pyrite is controlled by the availability of oxygen. The extent of the forma-
AREA DESCRIPTION
The study area is composed of sedimentary rocks of the Great Limestone Series of early Paleozoic and of the Pyeongan Supergroup of late Paleozoic. The Great Limestone Series consists of limestone with minor dolostone, sandy shale, and quartzite. The late Paleozoic sedimentary rocks consist mainly of sandstone and shale.
There are nine abandoned coal mines in the study area. Two major creeks, Soro and Sanae in the area, are contaminated with precipitates from coal mine drainages (Fig. 1) . Both creeks are approximately 3-4 km long and 10-20 m wide, and join the larger Sodo stream that flows finally into the Nakdong River.
The Sanae creek has two unpolluted tributaries. Both tributaries (sites 27 and 30) join the main stream at 2.5 km and 2 km downstream, respectively, from the outlet of the acid water. The Soro creek has five small tributaries that supply water only in the rainy summer season.
Large coal mine dumps are scattered on the mountain slopes higher than 1,000m in altitude in the upper parts of both creeks. Artificial precipitation ponds were constructed near the acid water outlet in the Soro creek in order to neutralize the acid water and settle the precipitates. The mine waters after precipitation of iron oxides and/or sulfates flow into the Soro creek.
METHOLOGY
During the period from November 1999 to October 2000, water samples of more than two hundred and fifty precipitate samples were collected from streams flowing from the study area. Each water sample was filtered through 0.45 µm membrane filter to remove particulate matter and then stored in a 1000 ml polyethylene bottle. Filtered water samples were acidified with concentrated HNO 3 , bottled in a 250 ml polyethylene bottle and stored in a refrigerator at 4°C prior to chemical analysis in the laboratory. Precipitate (1999.11-2000.10) samples were collected from the stream bottom at the same sites of the water sample collection. The precipitates on the stream bottoms are generally less than 1 mm in thickness. Temperature, pH, electrical conductivity (EC) and redox potential (Eh) were measured at each sampling site. The pH and temperature were measured using a portable Orion 230A pH-meter with a combination glass electrode and a temperature probe. EC and Eh were measured with an Orion conductivity cell and a redox electrode, respectively.
Chemical compositions of water samples were determined with inductively coupled plasma emission spectrometry (ICP-AES) for cations and ion chromatograph (IC) for anions. The acidified water samples were used for analysis of metal concentrations. The mineralogy of the precipitates was examined using X-ray powder diffraction (XRD) with CoKα (λ = 1.7890 Å) radiation and a graphite monochromator. All the XRD analyses were step-scanned from 3 to 80° 2θ in step interval of 0.05° 2θ using a 1° divergence slit and a 10 sec scanning time. Chemical compositions of precipitates were analyzed using a JSX-3200 energy dispersive X-ray fluorescence (ED-XRF) at 30 kV and a scanning time of 600 s. Chemical speciation and saturation indices of possible minerals in conjunction with chemical analysis data of stream waters were computed by computer program MINTEQA2 (Allison et al., 1991) . Table 1 summarizes the field measurement data and chemical compositions of water samples from the study area. The concentrations of the dissolved components in the Soro creek are generally higher than those in the Sanae creek. It is due to the influx of two unpolluted branch streams joining the Sanae creek. The contribution of carbonate and aluminosilicate rocks to neutralization is less significant relative to the dilution effect induced by the mixing of unpolluted small creeks. In the Sanae creek, the pH values of the stream waters range from 3.45 to 8.31 and the SO 4 content and EC vary from 47.87 to 529.20 mg/l and As the neutralization of acid solution proceeds by the addition of carbonates, the precipitation of amorphous iron oxyhydroxides and goethite takes place resulting in the release of significant quantities of aqueous SO 4 due to desorption (Rose and Elliott, 2000) . Figure 3 shows variation of dissolved components with distances from the AMD sources and seasons. The initial pH of the polluted water from the water outlet is less than 4.0, but it increases in the downstream region. EC levels also show a decreasing tendency downstream due to the combined effects of the chemical evolution of AMD and the mixing of unpolluted waters from the tributaries. It is evident that the inflow of unpolluted waters to the acid water of major creeks contributed to the rising of pH and the lowering of pollutants levels in the downstream waters compared with the upstream water. Figure 4 shows monthly atmospheric precipitations in the Taebaek area. On the whole, metal concentrations in creek waters are high in fall, whereas low in spring and summer due to dilution effect. The dilution effect of acid water was pronounced during the rainy season.
RESULTS AND DISCUSSION

Geochemistry of creeks (a) Water chemistry
(c) Chemical change of stream water with distance from AMD source and seasons
(d) Chemical change of stream water with waterrock interaction
The neutral to slightly alkaline pH and the relatively high contents of Ca and Mg in the mine drainage are probably resulted from the neutralization of water by carbonate minerals of the limestone in the basement of creeks. XRD analysis shows that the limestone consists mainly of calcite with small amounts of clay minerals and dolomite, that shale consists of alumino-silicate minerals such as chlorite, kaolinite and pyrophyllite, and that the abandoned coal dump consists mainly of chlorite, quartz and pyrite (Fig.  5) .
If the dissolution of carbonate minerals controls predominantly the buffering of pH, the Ca content of waters should increase with distance. However, the present study shows that the Ca content is not controlled by the distance but by the seasons as shown in Fig. 3 . Wiggering (1993) , and Webb and Sasowsky (1994) have discussed the importance of carbonate minerals in buffering the acid mine drainage and controlling the pH. The acidity resulting from the oxidation of pyrite is also neutralized by the dissolution of aluminosilicates associated with coals. Acid dissolution of Al-containing minerals such as illite, chlorite, pyrophyllite and kaolinite in shale associated with coal beds could release potentially large amounts of Al into the stream. Puura and Neretnieks (2000) described the buffering process of silicate minerals in AMD as the stoichiometric interaction between the dissolved pyrite oxidation products and the illite of the alum shale. High aluminum concentrations in acid streams might be resulted from the dissolution of aluminosilicates because pyrophyllite, kaolinite and chlorite are common in Taebaek coal beds. Occurrence and mineralogy of precipitates Figure 6 illustrates the monthly variations in colors of the bottom precipitates along the stream channel. XRD patterns show that each color of precipitate shows a characteristic mineralogy (Fig.  7) . The brownish yellow precipitates consist mainly of poorly crystallized schwertmannite, with traces of silicates including quartz, illite, and pyrophyllite. The white precipitate consists of poorly crystalline Al-sulfate with small amounts of gypsum, dolomite and calcite. ED-XRF analysis for white precipitate gives Al 2 O 3 (40.55-45.16%), SiO 2 (1.87-3.38%), P 2 O 5 (0.36-1.09%), SO 3 (15.53-18.21%), CaO (1.34-3.82%), FeO (0.56-0.98%) and H 2 O (32.67-35.27%). Chemical compositions of white precipitates are similar to basaluminite reported by Hollingworth and Bannister (1950) . The reddish brown precipitates consist predominantly of ferrihydrite with a less amount of goethite.
Color change of precipitates (a) Color changes with pH
The inverse linear relationships of pH against Fe and Al as shown in Fig. 2 indicate that the increase in pH plays an important role in the precipitation of these compounds. The upstream waters show Al content amounting to 47.94 mg/l (sample number W0711, site 11), but the whitish Al-sulfate is not precipitated there because of low pH (3.54). The Alsulfate is precipitated between pH 4.45 to 5.95 in the study area. Aluminum is mostly removed from waters where pH > 5.0, as evidenced from the waters producing the whitish precipitates on the bottom of stream (sample numbers W0502, W0907, W0833 and W1033). Although the Fe content is high (147.49 mg/l) in the water discharging from mine adits, it decreases downstream due to the precipitation of Fe-oxide/hydroxide minerals on the bottom of stream. The measured pH ranges of precipitation of brownish yellow, whit- ish, and reddish brown precipitates are pH < 4.50, 4.45-5.95, and >5.30, respectively.
(b) Color changes with stream water chemistry
The abrupt decrease in total dissolved ions in the downstream waters may be a result of the fast removal of cations by precipitation of Al and/or Fe compounds in the upper stream and dilution effect of fresh water (Anderson and Benjamin, 1985; Chapmann et al., 1983; Nordstrom and Ball, 1986; Yu, 1998; Yu and Heo, 2001) .
The brownish yellow precipitates are formed in the water rich in Fe and SO 4 in the Soro and Sanae creeks. As the pH of acid water becomes increased by inflow of unpolluted water, its Al and SO 4 contents gradually become decreased by the removal of Al-sulfate minerals from the stream water. The reddish brown precipitates are formed in the water rich in Fe (16.60~17.75 mg/l) and SO 4 (199.10~237.30 mg/l) discharging from coal mine adits.
Geochemical computations
The chemical speciation and mineral saturation indices in the creek waters in contact with the brownish yellow, whitish or reddish brown precipitates (Tables 2, 3 and 4) were computed using the MINTEQA2 code (Allison et al., 1991) . In the waters precipitating the brownish yellow schwertmannite, SO 4 species occurs mostly as free SO 4 2-ions with less amounts of AlSO 4 + , CaSO 4(aq) and MgSO 4(aq) ( (Yu, et al., 1999) .
According to the calculations of mineral saturation indices, Fe is generally saturated with respect to hematite, magnetite and goethite, and nearly saturated with respect to schwertmannite and lepidocrocite. But, ferrihydrite is still undersaturated. Aluminum and sulfate are supersaturated with respect to predominant alunite and less jubanite, but both approach a saturation state with respect to diaspore, gibbsite, boehmite and gypsum.
In the waters associated with whitish precipitates consisting mainly of Al-sulfate (Table 3) , Al occurs mainly as Al 3+ and AlSO 4 + , with less amounts of AlOH 2+ , Al(OH) 2 + and Al(SO 4 ) 2 -. Most Ca and Mg are present as free ions. According to the calculations for mineral saturation, aluminum and sulfate are greatly supersaturated with respect to basaluminite and alunite. Diaspore is fairly well supersaturated, and jubanite, gibbsite and boehmite are saturated, whereas gypsum nearly approaches its saturation state. Above pH 5 to 6, the Al-sulfates are metastable and should ultimately alter to phases such as gibbsite and kaolinite (Nordstrom and Ball, 1986) .
In the waters associated with reddish brown precipitates consisting mainly of ferrihydrite and goethite, SO 4 2-is contained by more than 80 % as free SO 4 2-ion and Al occurs mainly as Al(OH) 3(aq) ( (Yu, et al., 1999) . an equilibrium state in the reactions may have some limits in its application to natural systems, most of the results of geochemical modelling for the acid mine waters coincide well with the mineralogy of precipitates.
iron exist as Fe(OH) 2 + . Waters are supersaturated with respect to some Fe-hydroxides and Fe-oxides such as goethite, lepidocrocite, magnetite and hematite, but undersaturated with respect to ferrihydrite and schwertmannite.
Although thermodynamic model that assumes
SUMMARY AND CONCLUSION
Precipitates in the acid mine drainage show a seasonal change from brownish yellow, white, and reddish brown, depending on the chemical change of the stream waters.
SO 4 species in the waters associated with the brownish yellow precipitates consisting mainly of schwertmannite consists mostly of free SO 4 2-ion with minor AlSO 4 + , CaSO 4(aq) and MgSO 4(aq) . Ferrous iron is present mostly as free Fe 2+ and FeSO 4(aq) , whereas ferric iron exists predominantly as Fe(OH) 2 + . Fe is generally saturated with respect to hematite, magnetite, and goethite, and nearly saturated with respect to lepidocrocite.
In the case of waters associated with the whitish precipitates consisting mainly of Al-sulfate, Al is present predominantly as Al 3+ and Al(SO 4 ) + . According to the calculation of mineral saturation, the aluminum and sulfate are greatly supersaturated with respect to basaluminite and alunite.
In the stream water associated with the reddish brown precipitate consisting of ferrihydrite, Fe 2+ is present as free ion, whereas Fe 3+ exists as Fe(OH) 2 + . Fe is saturated with respect to Fe-oxides or hydroxides such as hematite, magnetite, goethite and lepidocrocite, but slightly undersaturated with respect to ferrihydrite.
The main factors for the chemical changes of stream water in the study area are water-rock interaction in the bedrock and tailing, and the dilution by mixing of unpolluted branch streams, and precipitation of precipitates in stream bottom. The seasonal change of mineral precipitates in the area is due to the seasonal change of stream water chemistry pH, Fe, Al and SO 4 .
